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Abstract

The present work investigates turbulent velocity and temperature fields subject to strong wall injection
in a channel using a Direct Numerical Simulation technique. A simplified model problem of the
internal flows inside the hybrid rocket motors where a regression process at the wall is idealized by the
wall blowing has been considered to gain a better understanding of how the turbulent structures are
modified. Since the near-wall state of turbulence is likely to be modified due to the effect of wall
blowing and the mean flow dynamics differ significantly from those in typical non-transpired channel
flows, caution needs to be made when the RANS type calculations are to be performed. As the
strength of wall blowing increases, the flow experiences stronger streamwsie acceleration or
inhomogeneity and both the wall shear and friction temperature decrease significantly but many of
higher order statistics such as turbulence intensities, turbulent heat flux, r.m.s. temperature fluctuations
and Reynolds shear stress increase rapidly as the flow moves downstream and this is thought to result
from the shear instability induced by wall injection. Also, turbulent viscosity and turbulent diffusivity
grow rapidly. Thus, the effect of wall-blowing modifies the state of turbulence significantly and more
sophisticated turbulence modeling is required to predict this type of flows accurately.

Keyword: Turbulent Flow, Wall Injection, Direct Numerical Simulation, Passive scalar, Turbulent
Prandtl number

1. Introduction

Turbulence plays an important role in the mean flow dynamics and turbulence quantities in hybrid
rocket motors. In addition to the usual effect of turbulence on the flow, turbulence interacts with
combustion process through turbulent fluctuations and would influence the dispersion of boron or
aluminum dioxide. Since the near-wall state of turbulence is likely to be modified due to the effect of
wall blowing, caution needs to be made when the RANS type calculations are to be performed.

Better understanding of injection driven flows such as those present in hybrid rocket motors
would require the high quality data on the statistics and turbulence mechanisms but there has been
significantly less effort both in experimental and turbulence modeling studies than in other common
shear flows. Most of previous studies (Beddini [1]; Traineau et al. [2]; Dunlap et al. [3]; Liou and Lien
[4]) devoted to the analysis of wall-bounded flows with wall injection have dealt with very weak
blowing or laminar flow. The present work is motivated by the need for the data of turbulent flow and
temperature field in the presence of strong wall-injection to understand the evolution of the flow and
physical process in near-wall region and to support the RANS and LES modeling developments. A
method of direct numerical simulation is used to obtain detailed flow field information on velocity and
temperature (assumed as a passive scalar) fields. In order to see the effect of wall blowing, the mean
flow and turbulence statistics which differ significantly from those in typical non-transpired channel
flow will be mainly discussed.
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2. Numerical details

2.1 Governing equations

A simplified yet sufficiently realistic model problem has been considered to enable DNS. Also
Reynolds number is set low so that DNS is tractable and still reasonably captures the flow
characteristics. The flow configuration presented in Fig. 1 shows that the regression process at the
propellant surface is idealized by the wall injection. The streamwise extent of the domain is L,=264,
the spanwise extent is L,=6.5h where 4 is the half channel height. In terms of wall units (based the
friction velocity at inlet of the domain), the domain size is roughly equivalent to 3820, 294, 955 in the
streamwise, wall-normal and spanwise directions, respectively and a length of about 1900 wall units is
allowed for the injection-driven flow regime.

Domain of main interest
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Fig. 1. Flow configuration

Since the Mach number in the hybrid motor is in general less than 0.1, the following non-
dimensionalized governing equations for velocity and temperature fields of unsteady incompressible
viscous flows are solved on a rectangular staggered grid (Harlow and Welch [5])

ou,
=0 (1)
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All the variables are made dimensionless using an inlet bulk velocity, upper wall temperature and a
half-channel height. It is assumed that the fluid density is independent of temperature so that the heat
is essentially transported as a passive scalar, without producing buoyant force.

The governing equations (1)-(3) are integrated in time using a semi-implicit scheme. A low-
storage three-substep, third order Runge-Kutta scheme (Spalart et al. [6]) is used for treating
convective terms explicitly and a second order Crank-Nicolson scheme is used for treating viscous
terms semi-implicitly. All spatial derivatives are approximated with second order central difference
scheme except for the convection term in equation (3). It has been reported that the central
differencing applied to convection terms in the passive-scalar equation with inflow-outflow boundary
condition leads to numerical instability (Akselvoll and Moin [7]) and thus, widely used QUICK
scheme (Leonard [8]) was incorporated as a remedy for the present work.

2

3)

2.2 Boundary conditions
The no-slip boundary is used along the wall except in a region where constant blowing is set up to be
applied (x/2>13.4). The bottom wall is cooled and the top wall is assumed to be heated at the same rate
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so that both walls are maintained at constant temperature and respectively). The flow is assumed to be
homogeneous in the spanwise direction.

A popular convective boundary condition was used for the outflow boundary condition and in
order to generate a turbulent inlet condition as a function of time, a periodic channel is attached in
front of the domain of main interest where the injection is applied.

2.3 Calculation of statistical quantities

The Reynolds number, Re;, is set to 2250 and it is approximately equivalent to 150 when the inlet
friction velocity is used. The Prandtl number was set to 1. Computations were conducted with two
different resolutions (257x129x129 and 513x257x129) in order to see the effect of resolution on the
results but only the results with higher resolution (513x257x129) will be presented here otherwise

indicated. This grid system gives the resolution of approximately Ax" ~7.5, Ay, ~0.0055,

Ay, . ~1.8, Az" =7.5using wall variables defined at inlet of the domain. The effect of resolution

was checked with previous channel flow results obtained with pseudo-spectral method (Na et al. [9]).

For the calculation of statistical quantities, averages were performed over the homogeneous
spanwise direction and time and hence, single-point statistics are functions of both x and y. In the
present flow configuration, the flow experiences complex changes after the injection is applied and
this causes slower statistical convergence than in the upstream. The total averaging time was 60.

3. Results

Due to the strong wall injection, the flow experiences strong acceleration or inhomogeneity as the flow
goes through a region of wall injection. Also, the hydrodynamic and thermal boundary layers are
totally displaced away from the wall, which in turn results in low skin friction and friction temperature.
Figs. 2-3 show the mean streamwise velocity and temperature profiles at several streamwise locations.
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Fig. 2. Profiles of mean streamwise velocity

The progression of mean streamwise velocity and temperature profiles suggest that they deviate
significantly from that of non-transpired channel flow. Since the boundary layers are displaced from
the wall, the velocity gradient and temperature gradient at the wall drop significantly.

Other second order statistics including u,, and 7T, also increase as the flow goes through a
region of higher pressure gradient induced by the wall injection and are skewed to the middle of the
channel.

Figs 4-5 show the following mean temperature equation budget at two representative locations,
x/h=19.2 and x/h=23.8.
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Fig. 4. Mean temperature equation budget at x/h=19.2
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Fig. 5. Mean temperature equation budget at x/h=23.8
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For non-transpired wall, the Reynolds heat flux and viscous terms are dominant and usually the
variation of terms in the streamwise direction is negligible compared to that in the wall normal
direction. But Figs. 4-5 clearly reveal that the convection term is one of the major terms in the budget.
This result is different from that of mean momentum equation budget in that the pressure gradient term
is dominant in the mean streamwise velocity equation budget.

A bulwark of k — & and Reynolds stress closure models is the definition of a characteristics time

scale. In the conventional k — & model, the turbulent viscosity is taken as v, ] kz[J k*/ & Similarly,

in an attempt to model ¢,, different time scale 7, which is defined as ¢, [ k7, has been

suggested. The variation of temperature dissipation or time-scale is found to show strong variation in
the streamwise direction. This indicates that the prediction of passive scalar field will not be easy
because its accuracy strongly depends on the quality of the RANS modeling. Thus, a critical test for
the models of scalar transport will be their ability to predict the influence of wall injection on various
temperature statistics.

Finally, the turbulent Prandtl number profiles are shown in Fig. 6. Strong variation with x in the
near wall region is noted. It shows that an initiation of strong wall injection results in a sharp drop of
turbulent Prandtl number. As the flow goes through a region of strong pressure gradient, the turbulent
Prandt]l number recovers slowly. Thus, a rapid change of turbulent Prandtl number suggests that the
modeling for velocity and temperature field can not be done in a same way.
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Fig. 6. Profiles of turbulent Prandtl number

4. Summary

The effect of strong wall-injection on velocity and temperature field has been investigated using a
DNS technique in the model injection-driven internal flow and various statistical quantities were
reported. The complexity of the flow comes from the interaction of the mean flow with strongly
injected normal flow at the wall and the subsequent evolution of the flow is characterized by a non-
negligible streamwise inhomogeneity.

Many of turbulent statistics such as turbulence intensity, Reynolds stress and Reynolds heat flux
show a rapid increase in a region of strong wall injection and the velocity and temperature fields
respond to the wall injection to a different degree. This behavior will raise an issue that low heat
transfer rate near the propellant surface influences the regression process in an adverse manner.

Mean temperature equation budget shows that the Reynolds heat flux terms are important as
opposed to that in mean momentum equation budget and thus, the conjecture that the prediction of the
mean flow alone will not be very sensitive regardless of turbulence models used does not hold.

The classical approach in turbulent scalar transport study is to use the analogy which assumes that
the turbulent diffusivity is proportional to the turbulent viscosity. But the present result indicates that
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the turbulent Prandtl number shows large variation in the strong-injection driven flow and this will add
the difficulty to the turbulence modeling work.
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